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MPETITIVE }iYBRIDIZATION TO DETECT RNA SPECIES IN BRAIN 

flUCED DURING. LARNING 

Kern von Hungen 

IWPRODUCTION 

There is now considerable circumstantial evidence to implicate 

protein1'19'3 and nr&3 02 synthesis in memOry consolidation, arid one 

is encouraged to assume the working hypothesis that neurons operate 

during learning by the same basic cellular mechanisme believed to be 

involved in cellular development and differentiation. That is, elec-

trical stimuli reaching the brain will act throui inducer substances 

to derepress genes, giving rise to messenger RNA n1ecu1es which effect 

the synthesis of proteins. These proteins, acting as enzymes or struc-

tural units, will then cause a relatively perme.nent alteratIon in the 

electrical circuitry of the brain. The tiii'e required for the develop-

ment of long-term memory is sufficient to allow the induction of RNA 

and the synthesis of proteins. Such a derepression model has been 

advocated by Bonner 8 , who proposed a test for this model. Since these 

new RNA molecules would be gene products and present in learning anls, 

but not in non-learning anuimis, they should be able to be pulse labeled 

and detected by competitive hybridization experiments. 

• 	Messenger RNA molecules are synthesized in cell nuclei on DNA so 

that they have base sequences complementary to those of the DNA seg- 

• ments coding for those RNA molecules. Hybridization refers to the in 

vitro recornbinatiori of isolated nucleic acids with complementary base 

sequences • The extent of RNADNA hybridization is usually measured by 
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radioactive labeling of the NA and determination of the fraction of 

the radioactivity that becomes attached to the DNA when the two are 

incubated together under appropriate conditions. In conpetItIve 

hybridization, non-labeled }NA is added to the labeled RNA, or hybridized 

with the DNA before the labeled RNA, and the amount of base sequence 

identity between the RNA's is estimatedby the extent to which the 

non-labeled JNA competes for the sites to which the labeled RNA wOuld 

hybridize. 

The "detection of flNA species unique to a behavioral task" by 

cOmpetitive hybridization has recently been reported by Machius and 

Gaito 27, 28 . A description of their work will illustrate the method. 

In their exnerirnent, DNA and RNA were isolated from the brains of 

trained and naive rats • For labeled RNA, animals were sacrificed 

90 minutes after intraôrànial injection of 200 jic of 3H-orotic acid. 

Animals to be trained were placed in a training box 60 minutes after 

injection (unlabeled animals were injected with unlabeled orotic acid). 

After 15 minutes of adaptation to the training apparatus, they were 

given 15 minutes of shock avoidance training. The animals were sacri-

ficed irruriediately thereafter, and RNA and DNA were isolated separately 

by phenol extraction. Fifty ijg of DMA was hybridized for 12 hours with 

50 ig of competitor JNA and then 12 hours with 50 pp ,  of labeled testor 

RNA. Hybridization was carried out by the method of Gillespie and 

Spiegelrnan20. The essential data are the following: 

%Labeled RNA Hybridized 

DNAL - 	 3.10 ± • 24 

DNAL - RNA - 	 1. 140 ± .21NL 

DNAL - RNAL - RNA* 	 0 ± 0 

Subscripts L and NL refer to DNA or RNA from learning and non-1earnin 
animals respectively; # means INA is 1abelcd 
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Preiricubation of DNA with RNA from non leaninp animals inhibited 

hybridization of the DNA with labeled RNA from 1earninp animals 55%, 

while preincubation with ENA from learhing animals inhibited hybridi-

zation with labeled RNA from non-learning animals 100%. Since RNANL  did 

not mask a11the DNA sites for hybridizatlbn With: conplementary RNA L*, 

it was inferred that new species of RNA were present in the RNA from 

the trained animals, The fact t 	t"orn 1eärnin animals (RNAL) 

uasked all the sites for RNA from non-learning animals (RNA*)  was 

considered additional support for this view. 

Most researchers interested in molecular nvchanisms in the brain 

as related to learhing are not experienced with the technique of corn- 

petitive hybridization, and may have some diffiàulty in evaluating these 

results. Because of the fUndamental in'portance of this type of experi-

ment to our understanding of nxlecular brain mechanisms, I have atterrpted 

to reproduce these results, and provide further controls on the method. 

The discussion section refers to a number of other articles relevant to 

the interpretation of competitive hybridization .data. 

MATERIALS AND METHODS 

Labelinp 

Sprague-Dawley'male rats, 200 - 250 grains, were used in all experi 

rnents • The rats were injected intraventricuiarly with 140 lie 5-3H-uridine 

(New England Nuclear, 20 C/mM) in physiological saline, 20 il on each side. 

Unlabeled animals were injected With the same volume of physiological saline. 

'I'aininj 

Rats were put in the training apparatus 60 minutes after injection, 

and, after 15 minutes of adaptation to the apparatus, were trained for 



15 minutes. Shock avoidance trainingconsisted of teaching the rats to 

run from a dark box (for which they have a natural preference) through 

an opening into a lighted box. If the animal did not escape to the 

lighted box within 10 seconds of being placed inthe dark box, a bell 

was sounded for 2 seconds followed by a shock for 2 seconds; the bell 

and shock were repeated every 10 seconds until the animal escaped to 

the lighted box, where it was allowed to remain until the next trial.' 

For each trial the anixi.1 was returned to the dark box, and the escape 

latency recorded. All trained animals received l5 trials in 15 minutes. 

Nucleic acid isolation 

DNA was isolated by the method of Manmw 29 from a crude nuclear 

fraction from rat liver.' The rats were starved for 24 hours 'befOre 

sacrifice for DNA isolation, and a pronase' step was included in the 

procedure iiediately following the RNase step. 

The following Is the standard procedure used for RNA 'isolation: A 

10 homogenate of whole brain, including cerebellum and olfactory bulbs, 

is made in cold 05%' naphtbaléne disulfonàte àontaining bentoite. 

Less than 1 minute elapsed between decapitation and homogenization. 

This is extracted Imnedlately with an equal volume of phenol II (phenol, 

water, m-cresol and 8-hydroxyqulnoline, 500:55:70:0.5) at 60°C'for 15 

minutes. The solution Is rapidly and thoroughly chilled on ice and 

centrifuged in the Spinco SW-25 rotor at 20,000 rpm for 5 minutes. 

The aqueous layer is added to 1/10 volume of 1% sodium dodecylsulfate 

(SDS) plus bentonite. The mixture is reextracted at room tenperature 

for 5 minutes and chilled and centrifuged as before, once with phenol II 

and once with chloroform. SDS and bentonite are added to each aqueous 
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layer except the last. The final aqueous layer is made 0.1 N MaCi, 

2 volumes of ethanol are added and the RNA is precipitated overnight 

at-20°C. The 1NA is collected by centrifuging 'at 1,000 g for 10 minutes, 

dissolved in water and .reprecipitated with NaCl and ethanol. The typical 

yield of HNA was apprxitrately 2.0 mg per brain based on the optical 

density at 260 ml.i (1 mg = 25 P.D. units). Sucrose density gradients 

of RNA isolated by this procedure showed no detectable breakdown of the 

RNA. 

Hybridization 	 ' 

Hybridizatiori was carried out by the method of Gillespie and 

Siegelmen20 . DNA was inimobiIized on nitrocellulose membranes which, 

after being dried, were incubated with RNA in 1 ml 'of 6 X SSC (3. X SSC = 

.15 N sodium chloride, .015 M sodium citrate, pH 7.0) at 66°C in sciritil-

lation vials. In competition experiments membranes were hybridized for 

12 hours with competitor RNA, at which time testor RNA was added and the 

hybridization continued for 12 hours. For the determination of total 

hybrid, membranes at the conclusion of hybridization were rinsed In 

3 washes of 2 X SSC, dried and the radioactivity rerraining on the rnern-

branes determined by scintillation counting. For the determination of.  

RNase resistant hybrid, membranes were incubated with pancreatic RNase 

(previously heated to 95 °C for 10 minutes) for 1 hour at room terrpera-

ture at a concentration of .20 ig/m1. The activity on membranes con- 

taming no DNA which were Incubated with labeled RNA and then washed - 

as usual was indistinguishable from backp'ound. Input activities were 

determined by applying 50 ig of 1NA directly onto a membrane, drying 

the membrane' and counting. 
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Learning Is clearly evident with the training procedure used In 

these experiments. FIire 1 shows that the rats on the average learn 

to escape without receiving a shock after about 5 trIals • After about 

10 trials they run immediately from the darkbox to the lighted box. 

The results of our experiments comparing RNA from trained and 

naive rats as competitor and testor are shown in ble 1. In the first 

two pairs of data, we see the results when different amounts of 1NA, 

prepared individually from 14 trained and 14 naive rats; are tested for 

their effectiveness as competitor in the hybridization of pooled, labeled 

INA from 14 trained rats • The figwes for percent inhibition are the 

average of 14 detereinations, using competitor 1NA from 4 dIfferent rats. 

Percent inhibition, which indicates the extent of competition, is cal-

culated from the level of hybridization of testor when no competitor 

was present during the preincubation period. The specifià activity of 

testor PJ'IA was about 30 cPnVMg, and the level of hybridization without 
cornpeitor was about 205% for total hybrid and 1.0% for RNase resistant 

hybrid,. The inhibition levels in ¶täble I were calculated from total 

hybrid, because the activity In RNase resistant hybrid was so low. No 

statistically significant difference between the trained and naive INA 

is observed. It should be noted that even with 200 jig of competitor only 

about 55% inhibItion was observed. 

In the third pair of data in Tbble I, trained and naive RNA are 

compared as testor. New RNA was prepared for this experiment. Compe-

titor 1NA from each of 4 naive rats was tested ainst testor from each 

of 4 traixed and 4 naive rats,. so that each percent inhibition is the 
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average of 16 determinations. In this experiment, as in the first 

experiment, no difference between trained and naive RNA was observed. 

The competition levels were the same as in that pa±'t of the first 

experiment where the same amount of competitor' was used. 

The moderate amount of competition in these experiments is in 

marked contrast to the complete competition reported by Machius and 

Gaito for PJ"IA from trained rats. To examine further the question of 

how mich competition should be expected, a third experiment was per-

formed using various amounts of trained competitor and a fixed arrount 

of, testor. Figure 2 shows. the results of this experiment. Each point 

is the average of duplicate determinations. Fluctuation in the data 

is cons ideràble, but it is clear that there is only about 50% inhibi-

tion with 200 ig of competitor. The figure also shows that inhibition 

levels can be calculated equally well from total or 1Nase resistant 

hybrid. The inhibition levels in this experiment are conpa.rable to 

those in Table 1.  

Two of the factors which help explain why complete inhibition is 

not achieved can be appreciated from the data in Figures 3 and 4. 

Increasing amounts of labeled NA were hybridized for 12 hours with 

50 ig of DNA. In the region of 50 to 200 pg of RNA, there is a nearly 

linear increase in the amount of hybrid formed (Figure 3). This means 

that in this region the DNA sites complementary to the labeled R\IA are 

not saturated, and hence complete inhibition in the competition experi-

ments could not be expected. Figure 4 shows the effect of increasing 
the duration of the hybridization. There is an increase in the extent 



of hybridization when the incubation is extended to 24 and 36 hours, 

indicating that the reaction had not gone to conletion after 12 hours, 

and, again, saturation was not achieved with the 12-hour incubation.. 

In all these experiients RNase resistant hybrid was about 40 of the 

total hybrid. 

DISCUSSION 

All possible combinations of corrpetitor and testor are represented 
• 	in Table II. Naive and trained INA can be compared as competitor, A 

versus B. or as testor, A versus C. In the first case, competition 

should he greater in B than in A if iruction has taken place, since 

the trained competitor in B will have species in conron with the testor 
which are absent in A. In the second case, competition should be greater 

in C than A, since in C. as in B. the composition of the competitor and, 

téstor should be identical. B and D (or C and D) neednot be compared, 

since in B, C and D the competitor shou1d contain all the species 

present in the testor. 

Machius and Gaito1 have looked at A and D in 'Table II. From the 

lack of ccinplete competition in A, they inferred that new RNA species 

were present in the RNA from the brains of the trained anizmls. They 

did not look at B or C as a control. Our data with B and C. and the 

data of others to be discussed later, indicate that complete competi-

tion should not have been expected. With D they observed complete 

competition, no activity on the membranes after hybridization with 

testor. We observe with D, using the saxne azmunts of DNA, competitor 

RNA and testor }NA as Z4achlus and Ga.tto, the sans level of competition 

as we do in A, B and C o  about 35%. 
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The results'in this report have failed to show any differences 

between the hybridization characteristics of RNA extracted from the 

brains of' trained and naive rats. Let us look at the systems in which 

hybridization has been used to detect induction or differences in F'NA 

populations, and then examine in more detail the characteristics of 

various hybridization systems in order to evaluate the potential use 

of this technique for studying the relationship between learning and 

macromolecuiar metabolism in the brain. 

In the early days of the messenger INA theory, hybridization was 

used In elegant experiments with bacterial systems by Attardi et al. 2  

and 1-ayashi et a1 22  to demonstrate the induction of specific messenger 

RNA'S by inducer substances. Special techniques were used in these 

bacterial systems to increase greatly the sensitivity of the 'zrethxI. 

For instance, "non-relevant" m-RNA was removed by hybridization with 

DNA from niitants lacking the genes under study, and the relative àon-

centrat ion of the DNA segment carrying the genes under stIy was 

increased by using DNA from transducing phages sch as Xdg in which 

specific bacterial genes were incorporated into the episOme by recorn-

bination 1  Also in this work very high specific activities were used. 

In spite of the fact that these special techniques cannot be used 

with higher orgnisms, it has been possible to demonstrate differences 

in the RNA's synthesized by animal cells during periods of major altera-

tion of stn.icture or function. Corrpetitive hybridization has been used 

by ])nis11 , 15 to study the release of genetic inforrr,ation during arrphibian 

development. He found that some DNA sites which were active in PhNA 

synthesis at the gastru.a stage continued to be active du'ing later 
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development, whereas others seemed to be no longer active. As the 

embryo developed, stable molecules formed an Increasing portion of the 

total population of messenger RNA. Similar studies were conducted by 

Church and McCarthy12 ' 13  on regenerating and embryonic mouse liver. 

Liver regeneration appeared to be partly mediated by short-Iived RNA 

molecules, the synthesis of which commences rapidly after partial 

hepatectonr and ceases at various times during the regéneràtive process. 

The new species of ]NA which appeared in response to partial hepatectormj 

were compared with those associated with rapid cell proliferation in 

embryonic liver. Since embryonic liver RNA was an efficient conpeti-

tor for early regenerating liver INA, it was concluded that much of the 

characteristic regenerating liver JNA was the result of reactivation of 

genes active in liver development but repressed in adult liver. 

Drews and Brawern16 have reported that cortisol (hydrocortóne) 

causes the appearance of new species of messengex' RNf both in normal 

and regenerating rat liver. The admi.nistration of cortisol led to a 

2- to 3-fold increase in the labeling of nuclear fN(, and affected 

ribosomal and messenger RNA to about the same extent.The hybridiza- 

tion of 20 .ig of D1IA with 20 ig of nuclear RNA testor from normal aninals 

was inhibited 90% when conducted in the presence of 200 g of nuclear 

INA from nornnl animals, but only about 60% inhibit ion was observed 

when the testor was from cortisol treated animals. Competitor from 

cortisol stinilated rats Inhibited hybridization with testor from normal 

and cortisol stimulated animals to the same extent, about 75%. No dif-

ferences were observed between normal and regenerating liver 24 hours 

after partial hepategtou. The 200 ug of rclear ENA competitor is 
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effectively 20 times as much RNA as our 200 ag of total cellular RNA, 

since only about 5% of the latter is nuclearFNA, and most of the 1MA 

that hybridizes in nuclear RNA. Later, using the same rnethx1, these 

authors were unable to find any such effects with Fxovrth hormone 17. 

From similar studies, Gupta and Talwar2l also concluded that while growth 

hDn'none stijiulates the rate of }NA synthesis in the liver of hypophyec-. 

tomized rats, it does not induce the synthesis of new PDA species to 

an extent detectable by their methods. Wyatt and Thta 42  reported that 

owth hormone and tri-iodothryonine stimulated non-hybridizing 1NA 

more than hybridizing RNA. nAs was interpreted as reflecting 

preferential synthesis of ribdsomal RNA in response to these hormones. 

Estrogen-mediated differentiation in chick oviduct has been studied by 

O'Nalley and McGuire 33  who found evidence for the induction of new 

species of hybridizable nuclear RNA. These authors have also reported 

changes in hyb±jdizabie nuclear RNA during progesterone induction of 

• 	the oviduct protein avidin3 4 . Cozrpetitive hybridization has also been 

used by Neiman and Henry3 2  to demonstrate the preence in human chronic 

lynphocytic leukemia lyrrphocytes of RNA species not present in nornl 

lynphocytes. Similarly, Chiarugi 10  found hybridizable nuclear 1* 

species in Yoshida ascites-hepat6ma and I'brris 5123 hepatorna which were 

not present in normal rat liver. 

The articles referred to above are the major reports of the detection 

of altered populations of cellular 1RNA by competitive hybridization. Now 

let us look at some of the details of hybridizatn. One should recog-

nize the following as iortant questions about a hybridization syste: 
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What kinds of ]NA hybridize and to what extent? What kinds of NA are 

labeled and to what extent? What levels of hybridization should one thus  

expect? 1-row nch RNA is required to saturate DNA gene sites? What is 

the difference between preincubating competitor with DNA and adding it 

s1rr.iltaneously with the testor? How specific is hybridization? 

It has been shown by McCarthy and Hoyer 39  that, as fax' as can be 

determined by hybridization,. DNA from different tissues of an animal is 

identical. The base composition and amount of DNA per diploid nucleus 

from different tissues are also identical. There Is no evidence of 

gene anplication in developed tissues of higher organisms. One can 

thus use DNA from brain, liver or kidney equally well for studying the 

hybridization characteristics of brain 1NA. Virtually all RNA in anil 

cells is synthesized in the nuclei; a small amount is synthesized in 

mitochondria. A short time after pulse labeling, incorporated activity 

is localized in the nuclei. Thereafter, messenger, ribosomal and trans-

fer iZA migrate out Into the cytoplasm. Not all the 1NA is transferred 

to the cytoplasm, however. Shearer arid McCarthy 6  have found that 

approximately 80% of the RNA synthesized in the nucleus never leaves 

the nucleus; this RNA turns over very rapidly. 

The extent to which RNA species are labeled with a pulse label 

depends on their turnover rates. For exairple, only a small fraction of 

theribosorral RNA molecules, which constitute 70 or 80% of the cellular 

TNA and have a half-life of about 12 days in rat brain 6,23,.would be 

labeled shortly after a pulse, while the specific activity of specific 

messenger RNA' & With a much shorter half-life and constituting very 

small populations of molecules would be much higher. Those familiar 
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with the kinetics of brain RNA metabolism will realize that RNA iso-. 

lated after 90 minutes' incorporation as in the present experiments 

will have a large fraction of the activity in ribosornal and transfer 

}NA; this can be seen from the similarity of the optical density and 

activity profiles when the 1NA is xin on sucrose density gradients. 

In spite of this, these species contribute negligibly to the observed 

hybridization, because of their low specific activity and genome rep-

resentation. Other types of RNA, namely, cytoplasmic messenger and 

nuclear RNA, while perhaps containing less of the total activity, are 

responsible for aliiost all of the observed hybrid, because of their 

greater genome representation and the hig)er specific activities of 

some of their species. The greater genome representation of these 

types of RNA is reflected by their DNA-like base conposition. 

The level of hybridization one can obtain depends on what fraction 

of the input label is in RNA species which hybridize efficiently. With 

long labeling times most of the activity will be in ribosomal and 

transfer RNA and only very low levels of hybridization will be observed. 

In various cellular systems With short incorporation times, hybridization 

levels from 1 to 5% for RNase resistant hybrid are typically observed 16 , 21, 42 ,32; 

levels for total hybrid are consistently 2 to 3 times those for RNaze 

resistant hybrid2,3h,5. McCarthy 36  and Bondy7 , among others, do not 

use the RNase treatment. Some of the considerable variation between 

levels of hybridization reported by different groups can be attributed 

to differences in the way the input activity is deterined; other experi-

mental variables, of course, also contribute to this variation. Most 
workers have found that under the usual conditions of incubation the 



maxininn level of hybridization is r'ached after about 18 hours38,7,12, 

altugh others find longer incubation times necessary 5. Lowering the 

RNA/DNA. ratio will increase the percentage of the labeled input which 

hybridizes, but this requires high specific activi1s of RNA for the 

detection of the hybrid. Virtually corrplete hybridization can be 

obtained in bacterial systems at very low I*rA/DNP ratios25,26. The' 

higher levels of hybridization at low RNA/DNA ratios are due to the more 

complete hybridization of ribosomal RNA and other RNA' s with relatively 

low genoire representation, some of which nay be ,, messenger RNA species. 

Ribósomal RNA from rat brain has been found by Stevenin et ai. 8  to 

saturate the DNA sites coding coding for it at a PNJVDNA ratio of about 

1/5. The sites for messenger RNA were fouri to become saturated at a 

RNA/DNA ratio of about 25/1. Other workers have failed to obtain satura-

tion plateaus with nuclear INA at 1RNA/DNA ratios as high as 200/12 010,5. 

The data of Stevenin 'et al, indicate that .15% of the DNA genome codes 

for ribosomal 1NA; this amounts to about 6,000 cistrons. They estirrated 

that about 1.2% of the genome codes for messenger- RNA in adult rat brain, 

or, 50,000 to 500

2

000 cistrons. One can avoid the problem of differential 

labeling of 1NA species with different turnover rates by labeling all 

species of RNA equally either by chronic application of label or by 

labeling isolated INA with labeled dimethylsulfate37, but usually one 

interested in having only the molecules synthesized during a given 

short period of time labeled. 

It is becoming generally recognized among workers using hybridiza-

tion that the , forsation of hybrids does not require absolute conple-

inentarity of base sequence by the two participating strandsl1,3201. 
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From detailed analysis of the kinetics of DNA-DNA hybrid foniation, 

-. 	 Britten and Kohne 9  have shown that there are hundreds of thousands of 

copies of DNA sequences in the genome of higher animals. There appears 

to be some mechanism which from time to time extensively reduplicates 

certain seents ofDNA. During evolution .the repeated DNA sequences 

apparently change slowly and thus diverge from each other, resulting 

in many families of nearly identical sequences in the genome. It is 

estimated that these families comprise up to 30% of the base sequences 

in maninalian DNA. This may explain the relatively low levels of hybri-

dization obtained with manirialian RNA. It is probable that only the 

products of these families of. cistrons hybridize to an appreciable 

extent. How nearly Identical sequences have to be to fonr hybrids is 

difficult to evaluate and varies with the experimental conditions. 

The problem of the specificity of molecular hybridization in relation 

to studies on higher organisms has reáently been reviewed by Walker. 

Church and McCarthy suggest that the hybridization assay with manTnalian 

nucleic acids might better be viewed as a chromato'aphic system in which 

there is a great number of different adsorption sites than as one in 

which specific cistrons are titrated with their own gene products.. The 

specificity of adsorption Is limited, and similar but different RNA 

molecules may well be Indistinguishable. Thus, in competition experi-

ments, observed differences refleôt real differences although failure 

to discriminate does not prove identity. 

The specificity of competition has also been questioned by Birnboirn 

et aJ.. . They reported that they were unable to obtain competition when 

DNA loaded membranes were prehybridized with large aniounts of competitor 
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and then hybridized with testor in another vial after the membranes had 

been washed. If testor was added to the competitor after prehybridi-

zation, the same amount of competition was observed as when the two 

were added together without any prehybridization. Riggsby and Merriam 35  

found, however, that competition could be demonstrated by the prehybri-

dization method if saturating amounts of testor were used. Using the 

presaturation method Chiarugi'0  obtained Only about 40% saturation of 

active DNA sites with a RNA/DNA ratio of 500:1. In simultaneous incu-

bation competition studies, Neiman and I-Ienry 32  found that large arounts 

of heterologous animal cell RNA interupted hybrid formation in excess 

of the probable sequence similarity .of the competing polyribonucleotides. 

They suggested that this nonspecific interference may have led to over-

estimates of the degree of similarity of the competing RNA's in some 

studies. 

It should be kept in mind that one cannot equate rapidly labeled, 

DNA-like RNA with functional messenger 1NA as many have done in the 

past. tihrsprung et al. °  have emphasized that at-present we have no 

way of identifying the biological function of the 1NA that is singled 

out in these competition hybridization experiments. 

These considerations should make it clear that it is not simple to 

test whether induction is involved in learning by using competitive 

hybridization. Only a relatively small number of brain cells need be 

involved in learning any particular task or fact, and the same RNA 

species induced in these cells could be present and turning over in 

large numbers in other cells which are siily maintaining their in- 

duced. state. We should not expect a large effect in the bybridizability 
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of the total cellular RNAven if induction does take place. One should 

be cautious in accepting the results of Nachius and Gaito as dern-

strating the induction of RNA species unique to a behavioral task, the 

data in the present report and those of others cast doubt upon their 

observed level Of competition by total beilular brain RNA from trained 

animals. This discussion should not be construed as arguing that it 

will be imossible to detect new speies of RNA induced through training 

by competitIve hybrIdization, although at the present time it seems 

unlikely that this will be possible'. We should not discard the idea 

that learning may be assbciated with the inductiOn of RNA synthesis. 

In fact, we imow that prolonged exposure of rats to an enriched environ-

ment results in "growth" in certain areas of the brain 4 . While this 

may not be directly related to learning, it does demonstrate an environ-

mental (or behavioral) stinruiation of macromolecular synthesis in the 

brain. A reproducible, demonstrable difference in the RNA populations 

in the brains of trained and naive animals would be highly significant, 

and the sensitivity of the technique could be increased over that in 

the present work in various ways, such as using only RNA from. specific 

brain regions, using fractionated RNA, using larger amounts of cornpe-

titor and testor, etc. Hybridization experiments with brain messenger 

FNA Isolated from polysornes bold more promise than those using total 

cellular RNA. It is hoped that this discussion will be helpful to 

anyone interested in pursuing this technique by having pointed out 

some of the difficulties and ambiquities in the method. 

There IS at present no conclusive information concerning the role 

of rnacrorrolecules in learning and memory. Most biochemists and mole-

cular biologists have rejected the idea that memories could be coded 
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in individual molecules, and are inclined rather to think that some sot't 

of riormal control of macromolecular synthesis is probably involved. The 

most obvious point of control is at the level of transcription; there 
is good evidence that different genes are activated during the differen- 

4 

tiation of cells. Considering the fact that the central nervous system 

"pre-wiring" involved in instinctive behavior is developed from a coded 

sequence of bases in DNA and RNA and that inducer substances can activate 

specific genes, it seems quite reasonable that environmental stimuli 

might produce altered brain circuitry by these same molecular mechanisms. 

The present work has attempted to determine whether induction is involved 

in learning, but has failed to obtain a definitive answer to this ques-

tion. Protein synthesis could also be regulated at the level of trans-

lation. The fact that so much RNA synthesized in the nucleus is broken 

• 	down without leaving the nucleus has suggested to several workers still 

another control mechanismU1839 This may be potential messenger 

hichis only expressed if it can escape into the cytoplasm. But it 

Is also possible the RNA and protein synthesis have notl4ng directly 

to do with learning. One can develop models for the alteration of 

brain circuitry based on stn2ctural changes in synaptic methbrahes in-

duced by electrical, forces and bkiintained despite the turnover of the 

molecular conponents of the menbrie, 	 I 
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SUMMARY 

An attempt was made to reproduce the results of a report in 

the literature27  of the detection by cónpetitive hybridization of 

NA species unique to a behavioral task. The data from attempts to 

replicate this experiment showed no sigrificant difference between 

NA from the brains of trained and naive rats. Experiments to 

ftu'ther characterize the hybridization system indicate that the 

method Is probably not sufficiently sensitive to detect ?NA species 

induced during learning if they exist. Hybridization of mannalian 

RNA in general is discussed with regard to the potential use of this 

technique in brain research for stjidying RNA involved in learning. 

The value of the technique for this purpose at present is doubtful 

due to complications and ambiguities with hybridization of RNA from 

higher organisms which are discussed. 
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rn . a w.o 

Coiiparison of RNA from Trained and NaivoRats as Copottor and Tetor 

Cr,nttor Tetor % 

A N1,23,4 (50,9) 	- RNAT4P (50g).. 35.8 4.8 

B T1)2,3,4 (50/(g) 	- RT4P (50,Mg) 38.0 2.3 

A RN1,24.(200Jg) MATZ? (50g) 54.0T+ 83 

T1,2,3,4 (200,g) - RNATP (50,tg) 58.5 	+ 3.4 

A Ni,2,3,4 (50/g) Ti,2,3,4 (59/4g) 32.7 	+ 4•9 

C 1ILKIII.
IN1,2,3,4 (50,g) 	- Ni,2,3,4 (50,,ug) 36.8 	± 3.1 

The firt two pairs of data conpare 50 and 200,g of cozpetizcr frorn train 
ana r.ive rats for tneir efficiencies in innioting subsequent nyorz:on 
'.tr. estr RN fron trainea rats. The numerical subscripts reler to 

o1a - ed rom 1dvidual rats; label is indcated by . Each percen t tior. i the average of four with its standard deviation. The third pair 
ccparez trained and naive testor after hybridization with zaive copatitor. 
Each percent ithiibition is from sixteen dot'jiration. 	/ 

ft 



• Table II. 

Possible Combinations of Competitor and TastorRNA 

Competipr Testor Examined 

A 	naive trained N.chlus and Gaito 
this work: Table I 

B 	trained • 	 trained this works Table I, Figure 2 

C 	naive naive this work: Table I 

D 	trained naive Nachius and Gaito 
this works Figure 2 

c••. 
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Figure Captions 

	

• Figure 1 	Learnirigcurves for trained rats. Escape latencyis 

the time taken for the animal on each trial to run into the lighted 

box after being placed in the dark box. Average of 4 unlabeled 

rats, 0; average of 6 labelodrats, 

	

Figure 2 	Nitrocellulose membranes xazz loaded with 501ugof DN 

were hybridized for 12 hours withvarioua amounts of ,  unlabeled com-

petitor RNA, after which 50/4g  Of labeled testor RNA was added and 

the hybridization continued for 12 more hours. The results are ex-

pressed as percent of control, the level of hybridization of testor 

when no compótitor was added. In the first experiment, inwhich RNase 

resistant hybrid was determined, the competitor was pooled RNA from 

the brains of 4 trained rats, and the testor was pooled RN& from the 

braIns of 4 naive rats, . In the second experiment both RNase re-

sistant, Q, and total hybrid, Q, were determined; the competitor was 
the same as in the first experiment, and the teator was pooled RNA 

from the braina of 4 trained rats. 

Figure 3 	The rolationshlp between the amount of labeled RNA input 

	

and the amount of RNase resistant, , and total hybrid, 0, formed 	 .4 

after 12 hours of hybridization. The specific activity of the RN& was 

30 cpzn/,g. Membranes were loaded with 50,,zg of DN. 
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Figure 4 	The effect of the duration of hybridization on the 

percentage of input forming RNaae reaiatant, , and total hybrid, 

0. The input was 50,ag of RN, 30 opm/ig. 1embranee were loaded 

with 50 g of DN. 
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This report was prepared as an account of, Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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